A unique spectrometer system, the Multi-Mode Spectrometer (MMS), has been developed. The MMS integrates a scanning Michelson interferometer, a fiat-field grating, and a linear photodiode array detector into a single spectrometer system. With these components, the MMS is capable of applying dispersive, interferometric, or combined dispersive/ interferometric techniques for enhanced spectrometric flexibility. The effects of source fluctuation and redistributed photon noise can be reduced. In addition, the MMS has unique capabilities in data compression, application of internal standards, and noise spectrum analysis.
INTRODUCTION
A unique spectrometer system, the Multi-Mode Spectrometer (MMS), has been developed, and it has been applied to atomic emission spectrometry (AES). The objective of the MMS was to combine a photodiode array detector (PDA) and Fourier transform spectrometry (FTS) in a single spectrometer. The goals were to retain the individual advantages of PDAs and FTS, to reduce the individual disadvantages, and to investigate the synergistic strengths.
Physically, the MMS incorporates a scanning Michelson interferometer, a flat-field grating, and a linear PDA in a single spectrometer system. More significantly, the MMS is capable of multichannel (dispersive), multiplex (interferometric), and multichannel/multiplex modes of operation.
Photodiode arrays and Fourier transform spectrometry have been two of the most interesting and promising technologies that have recently been applied to AES. Each of these approaches has distinctive advantages over conventional detection systems when applied to atomic emission spectrometry (AES). Unfortunately, PDAs and FTS also have distinct disadvantages. The individual advantages and disadvantages of FTS and PDAs are discussed below.
The MMS was developed with several major goals in mind. One major goal is spectrometric flexibility. With the MMS, either dispersive or interferometric techniques may be selected for a given problem. Spectrometric parameters such as resolution, spectrum readout rate, integration time, spectral bandwidth, data acquisition density (aliasing), and apodization are also user selectable. In the multichannel/multiplex mode, different parame-ters may be specified for each channel. In sum, the performance characteristics of the MMS can be precisely tuned to the demands of a given problem, or even a specific spectral bandwidth.
A second major goal of the MMS is the reduction of redistributed noise effects in multiplex spectrometry. Specifically, the goal is to reduce the redistributed effects of photon and source noise in the interferometric and multichannel/multiplex modes. Reduction of these noises can reduce or eliminate the multiplex disadvantage?
A third major goal is to develop a system with unique capabilities in the following areas: data compression, the application of internal standards, and noise spectrum analysis.
As a means of testing the MMS and demonstrating its capabilities, the MMS has been applied to atomic emission spectrometry. The emissions from a microwave-induced plasma (MIP) have been observed. It should be emphasized that the MMS is a prototype instrument and has not been fully optimized.
PDAs. Photodiode arrays, 2 as well as other types of solid-state imaging detectors, such as charge-coupled devices (CCDs) and charge-injection devices (CIDs), 3,4 have been applied to spectrochemical analysis for a number of years. Horlick and co-workers, 5,s Talmi and Simpson, 7 and Grabau and Talmi s have characterized PDAs and PDA systems as spectrochemical detectors. Denton and co-workers have similarly characterized CCDs and CIDs. 9,1° Recently, several novel optical designs have specifically been developed which efficiently utilize the advantages of solid-state imaging detectors? 1, 12 PDA-based spectrometers offer the significant advantages of simultaneous observation of signal and background over a wide spectral range, rapid data acquisition, and improvements in the signal-to-noise ratio (S/N). In spite of this, PDAs have not found great acceptance in AES. Primarily this has been because the number of observed optical channels, usually 10246 to 4096,13 is much less than the resolving power of 20,00014 to 50,000 s used for routine analysis, and is considerably less than the 150,0001~ to >500,00016 needed for resolving atomic line widths. With array detectors, some compromise between resolution and wavelength coverage is always required. PDAs often have other problems when applied to AES, such as low dynamic range (<1:25,000), s,17,1s high read noise (>1200 e-), s,19 inflexible resolution within a particular optical design, s and line-to-pixel registration problems. 2°
FTS. There has been considerable interest in Fourier transform atomic emission spectrometry (FT-AES) for a number of years. Horlick and co-workers, 21-2s Faires and co-workers, 29-34 and Thorne and co-workers 1,zs,sS-37 have been the most active in investigating the application of FTS to AES. Much recent interest has been due to the development of high-resolution FT spectrometers designed specifically for the ultraviolet and visible. 36,3s-41 Several excellent papers discussing the fundamentals of FTS and FT-AES have been written by Thorne TM and  Faires2 3 FTS offers a number of significant advantages over traditional AES detection systems: a wide and continuous free spectral range, flexible and high resolution, high optical throughput, excellent wavenumber precision and accuracy, simultaneous observation of signal and background, and a simple and predictable instrument line function.
The Multiplex Advantage and Disadvantage in FT-
AES. Of the conventional FTS advantages, ambiguity exists concerning the multiplex advantage in FT-AES, 1,~6,26,28,~2 The full multiplex advantage exists only for detector-noise-limited conditions. AES, however, is usually photon-or source-noise limited. In these cases, the multiplex advantage is reduced, possibly turning into a multiplex disadvantage. It is also sample and spectral position dependent.
The multiplex disadvantage in FT-AES is well known 42 and documented. 1, 26, 28, 32 It occurs in any type of multiplex spectrometry, either Fourier or Hadamard, 43 under photon -42-45 or source-noise-limited 46 conditions. In these cases, noise is carried through the encoding process by spectral features and redistributed across the spectrum by the transform process. The specific effect of the redistributed noise depends upon the noise type (photon or source) and the noise distribution (l/f, white, or singlefrequency). Relative to dispersive spectra, weak spectral features in FTS are often obscured by the additional redistributed noise background.
Photon Noise. Photon noise, a white noise, is redistributed uniformly throughout an FTS spectrum, producing a uniform noise background across the spectrum. The magnitude of the redistributed photon noise is proportional to the square root of the integrated intensity of the entire spectrum. Significantly, for photon noise in FTS, the S/N is improved in spectral regions with greater than average intensity, and is degraded in regions with less than average intensity. 45,47 Modern AES plasma sources, particularly the ICP, are highly luminous. An analytical plasma emits thousands of lines, many of them very intense, with lines arising from the analyte, co-analytes, solvent, and plasma gas. A strong background continuum is often present as well. The combined effects of redistributed photon noise and highly luminous sources have two effects in FT-AES. First, the redistributed photon noise from irrelevant features can contribute significantly to the noise at the analyte line. ~,26,~2 This is particularly true if the analyte is near the detection limit. Second, the photon noise level is highly sample dependent.
Band-limiting the spectrum with filters ~ or a monochromator 27 has been shown to reduce redistributed photon noise and improve the S/N at lines of interest. Spectral band-limiting can be thought of as improving the S/N from two perspectives. First, intense and/or irrelevant lines are rejected, thus eliminating the noise that would be redistributed onto an analytical line. This improves the S/N relative to an unfiltered FT spectrometer. Second, photon noise from inside the filter bandpass is redistributed from inside the region of interest and into the spectral filter cut-off regions. The redistribution of the noise may improve the S/N relative to a dispersive spectrometer. Spectral band-limiting does, however, reduce the flexibility in FTS to randomly access any line over a wide spectral range.
Source Noise. Source noise is a multiplicative noise. In FTS, a multiplicative noise is side-banded around each line. 48 In AES, source noise generally has a 1If distribution. 49 The combination of side-banding and the 1/[ noise distribution causes each line to be broadened. 5° The broadening is different for each line, and reflects the physical processes leading to the production of a line) ° The effects tend to be greatest at the line and in the line wings. 28 Source noise is a particularly severe problem for both interferometric and dispersive spectrometer systems. Because source noise is directly proportional to the intensity of the line, its effects cannot be reduced by increasing sample integration time; 51 by increasing spectrometer throughput; TM or by the use of modulation techniques, such as chopping, use of lock-in amplifiers, 52 or use of an interferometer. 28 Source noise is, however, often positively correlated between analyte lines2 3 Because of this correlation, source noise can be reduced or eliminated through the proper use of internal standards. 54-z6 Criteria for the proper use of internal standards include the following: simultaneous observation of analyte lines; detection systems with matched optics, detectors, and electronics; 54 and detection systems with equivalent views of the source. 55
THE MMS MODES OF OPERATION
The MMS attempts to retain many of the separate advantages of PDAs and FTS and to reduce the disadvantages. The keys to this goal are the three operating modes. The operating modes are summarized in Figs. 1A-C. These figures show a hypothetical spectrum with analyte lines (a, b, and c), plasma lines (p), and a broadband spectral background.
The Dispersive Mode. The purpose of the dispersive mode is to allow the rapid acquisition of low-resolution, wide-band spectra. Gross spectral information on line position, intensity, and background is readily obtained (see Fig. 1A ). The MMS detects a 300-nm spectral range over 512 detector elements (pixels). The spectral range for this work was from 500 to 800 nm. Spectra can be obtained at up to 30 spectra/s, at a resolution of 1.2 nm (an average resolving power of 500), over the 300-nm spectral range. Dispersive-mode spectra are useful for low-resolution survey spectra or temporal studies of emission sources.
In the dispersive mode of the MMS functions exactly as a PDA-based multichannel spectrometer. The grating disperses the light across the array, and the array elements are read out sequentially. Distance across the array, dpDA, corresponds to wavelength, X. A single data record is intensity vs. wavelength. In this mode, the interferometer is disabled as an active optical component (see below). Spectrometric parameters such as integration time and array readout rate are user selectable. Stan- dard multichannel techniques such as variable integration time and on-target integration 7 are available. Because a holographic grating is used, effects of stray light are reduced. The Interferometric Mode. The purposes of the interferometric mode are to provide high-resolution spectrometry over a narrow spectral range, and to reduce the effects of redistributed photon noise. Operationally, the PDA and polychromator select and isolate the spectral bandwidth of interest. The interferometer is then set in motion, obtaining high-resolution FTS data on the selected bandwidth. An interferogram in the MMS is the intensity detected by a single pixel vs. interferometer mirror displacement, X~nt (as an example, line a in Fig.  1B ). The data are Fourier transformed to obtain the spectrum: intensity vs. wavenumber.
In this mode the MMS functions as a Fourier transform spectrometer with a narrow-bandpass optical filter on the output. The PDA and polychromator function as a flexible optical filtering system. Because the optical bandwidth of the filter is 6 nm or less, many spurious spectral features are rejected.
The interferometric mode provides a number of direct advantages. Many advantages of FTS such as higher resolution, wavenumber accuracy, and intensity accuracy are available. Flexible spectral filtering by the PDA and polychromator reduces photon noise and the multiplex disadvantage by rejecting unwanted emission lines and spectral background. Comprehensive line selection is not compromised, however, because the PDA permits easy and rapid access to any given spectral window. Pixels are selected electronically and can be changed at a rate of 3.2 kHz. Resolution is easily changed by selecting the appropriate interferometer mirror displacement. Spectrometric parameters such as resolution, sample interval (alias), and spectral bandwidth selection are user selectable. With the MMS, spectra have been acquired in the interferometric mode at a resolution of 0.5 cm -1 and a resolving power of 38,00027 Additionally, the effects of scattered light should be extremely low because of the holographic grating and the immunity of FTS to stray light.
The interferometric mode has several dispersive advantages that are provided by the PDA/polychromator subsystem. First, the dynamic range requirement of the detection system is reduced. In a typical interferometer, a single detector must respond linearly to the intense centerburst as well as to the weak modulations at the extremes of the interferogram. In the MMS, the source radiation is dispersed across the array, thereby distributing the intensity of the centerburst over a number of pixels. This substantially reduces the dynamic range requirement for a single detector.
A second dispersive advantage is the MMS's ability to perform controlled aliasing. In a typical interferometer, aliasing is avoided. To prevent unintentional aliasing and the resultant folding and mixing of spectral features from different regions, one must keep the sampling interval sufficiently short. The limit for the interval is given by the equation 1 ~x _< --
20"m~ where 5x is the sampling interval in the interferogram (in cm), and a=~ is the maximum detectable wavenumber. If the spectral bandwidth can be controlled, however, the relationship becomes
where (a,~ -atom) is the spectral bandwidth of the op-
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Volume 44, Number 9, 1990 tical filtering system. In the MMS, the polychromator and PDA provide precise optical filtering; they limit the optical bandwidth to 6 nm or less, and they establish the position of any line to within several nanometers. Because of the bandwidth control, the data can be highly aliased without fear of spectral overlaps. Because of the line position data from the array, total line position information is maintained. Data from low-resolution dispersive spectra and high-resolution interferometric spectra are combined to establish the position of any line unambiguously. Controlled aliasing reduces total system overhead by reducing the number of data points that must be acquired, transformed, and stored. Through use of controlled aliasing, the MMS has obtained interferometric data up to an alias of 256. 57 A third dispersive advantage is the MMS's capability to perform noise spectrum analyses in the interferometric mode. Noise spectrum analysis is a well-recognized tool for noise reduction and instrumentation optimization. 49' 58' 59 AS shown in Fig. 1B , interferograms are acquired over time, t(s), as well as mirror displacement, Xznt (cm). Fourier transforming the data produces a spectrum that can be interpreted as intensity vs. frequency (Hz) as well as intensity vs. wavenumbers (cm-1). In the MMS, the optical filtering by the PDA and polychromator precisely defines the spectral frequencies passed by the optical system. Consequently, frequencies produced by noise and interferences are often separated and easily differentiated from the signal frequencies produced by the interferometer. Specific noises or interferences are often easily identified in this format. In addition, the noise at the spectral line is reduced.
The Multichannel/Multiplex Mode. The multichannel/multiplex mode is an important extension of the interferometric mode. The purposes of this mode are to provide additional data acquisition flexibility and to reduce source noise. In the multichannel/multiplex mode, interferograms are acquired simultaneously from several pixels. This process is illustrated in Fig. 1B for analyte lines a, b, and c. In this mode, the advantages of the interferometric mode are available for a number of independent channels. Additionally, parameters such as resolution, apodization, and aliasing can be uniquely specified for the individual channels.
As mentioned above, source noise can be a particularly difficult problem. The effects of source noise are modeled in Fig. 1C for analyte lines a, b, and c. The dashed rectangles show the maximum unperturbed intensities for analyte lines. The multiplicative and positively correlated effects of source fluctuation are shown by the solid curved lines. Because the array pixels perform as detectors for equivalent but essentially independent interferometers, the MMS meets a number of the criteria for internal standards) 4-~ First, data are acquired over the same time interval. Second, the optics, detectors, and electronics of the detection systems are matched. And third, the detection systems view the same region of the source. Use of these factors can reduce the effects of source fluctuations on the signal. For identification of source noises and other interferences, comparison of noise spectra between channels is often useful.
To illustrate the importance of simultaneous detection when internal standards are being applied, Fig. 1C shows the effects of source fluctuations on a linearly scanned monochromator. The monochromator scans through time as well as wavelength, as indicated by the diagonal line in the base plane. Consequently, emission lines experience different attenuations and rates of change that cannot be correlated between "channels," as shown by the vertical lines and the diagonal arrows. Correction for these effects is impossible with a scanned detection system.
THE MMS SPECTROMETER SYSTEM
The Optical Plan and Static Design Considerations. Figure 2 shows the scaled optical schematic for the MMS. This figure summarizes the design aspects that are not dependent upon dynamic factors, the dynamic factors being interferometer mirror movement and detector array scanning. L1 and L2 are the collimating and focusing optics, respectively, for the interferometer. These lenses are spherical achromats, chosen to minimize chromatic and spherical aberrations. The spectral source of interest is placed at S, 120 mm in front of L1. The interferometer is immediately behind L1. The components of the interferometer are: BS, the beamsplitter assembly; M1, the moving mirror; M2, the stationary mirror; WhLt, the white light reference source; and HeNe, the helium-neon tracking laser. A clear aperture of 40 mm is utilized through L1, L2, and the interferometer. The transfer aperture, A1, is placed 120 mm past L2. A1 is located at the focal points of both L2 and G, the polychromator grating. The components of the polychromator are: M3, the beam deflection mirror; and G, the low-resolution concave holographic grating. PDA is the photodiode array detector. Table I lists further optical components  specifications, and Table II lists the PDA specifications. 
Quartz
Proprietary 25,000-3300 cm -~ 400-3000 nm L1 and L2 were chosen to maintain the f/3 throughout the polychromator and extend it to the entire optical system. The symmetry of L1 and L2 causes a 1:1 imaging of the source onto A1; the polychromator then projects a 1:1 image of A1 onto the PDA.
A1 is a particularly important component of the spectrometer. As both the exit aperture for the interferometer and the entrance aperture for the flat field polychromator, its size, shape, and position affect the resolution and throughput of both the interferometric and dispersive sections of the MMS.
Dynamic Design Considerations. This section discusses MMS design aspects that depend upon dynamic factors such as interferometer mirror movement, detector array scanning, and mirror/PDA coordination. In the dispersive mode, it is essential that the ac modulations produced by the interferometer be nullified, and that only the dc light level be detected. In the interferometric and multichannel/multiplex modes, the opposite is true; the ac modulations produced by the interferometer must be preserved, and the dc light level must be rejected. Dispersive Mode. In this mode, the spatial and temporal integration capabilities of the PDA are used to achieve the dc detection/ac rejection required. For the purposes of spatial integration, the moving mirror, M1, is positioned close to the beamsplitter. At this extreme mirror position, the rings of the circular interference pattern contract to very small diameters2 ° By averaging all light intensity across the pixel surface, each pixel removes all spatial variations except for the small central fringe.
For purposes of temporal integration, the moving mirror, M1, is scanned rapidly relative to the PDA readout rate. In the dispersive mode the PDA has an array readout rate and a temporal sampling rate of 30 Hz. The resulting pixel readout rate is 15 kHz (see Table II ). In contrast to the 30-Hz sampling rate, typical light-modulation rates are 1000 Hz or greater. Therefore, at least 35 modulations are accumulated during a single pixel integration period. Consequently, the effect of a single modulation as a fraction of the total integrated signal is reduced. Calculations have shown that the residual modulation of the central fringe is less than 2 To of the integrated intensity in the central fringeY The modulations are further reduced by the spatial integration discussed above. It should be pointed out that this scheme is only one of several that could cancel the interferometer modulations in the dispersive mode. Given the dynamic feedback system for the interferometer moving mirror, this scheme provides the best optical throughput for the dispersive mode.
Interferometric and Multichannel/Multiplex Modes.
In these modes, rapid PDA readout is required in order to achieve ac detection. In both modes, the helium-neon laser reference signal initiates entire scans of the PDA instead of initiating individual sample pulses, as in a conventional interferometer. In addition, the basic HeNe beat frequency is not used, but it is instead multiplied by a factor of 4, from 800 Hz to 3.2 kHz. Consequently, the PDA has an array readout rate and a temporal sampling rate of 3.2 kHz in these two modes. By comparison, the interferometer modulates source light at frequencies from 630 to 1260 Hz for wavelengths from 800 to 500 nm, respectively. The required readout rate for individual pixels in these modes is 2,000,000 pixels per second. The rapid array readout rate (3.2 kHz) fulfills two criteria for ac detection. First, the Nyquist criteria is satisfied if unaliased spectral acquisition is required. Increasing the sampling rate from 800 Hz to 3.2 kHz expands the sample-limited free spectral range from 0-7901 cm -1 (oo-1266 nm) to 0-31,606 cm -1 (oo-316.4 nm). Second, and more importantly, the rectangular time-integration window of the PDA is kept sufficiently short relative to the periods of the interferometer-induced modulations. 61.62 The PDA integration window is 0.3125 ms, as opposed to light modulation periods of 1.012 ms for 500 nm (20,000 cm -1) and 1.580 ms for 800 nm (12,500 cm-~). The interferometer-induced modulations are thus successfully acquired without undue attenuation. This second point is important when data are acquired at any alias.
The rapid pixel readout rate in the interferometric and multichannel/multiplex modes places some severe requirements on the analog components of the data acquisition system. Because the PDA is read out serially, the analog components must be capable of handling the 2-MHz pixel output rate and also the rapid intensity transitions between pixels. For a given optical channel (pixel) however, A/D conversion rates occur at a maximum of 3.2 kHz. The dc portion of the optical channel interferogram is then removed by analog and digital filters. Spectrometric options and specifications for the interferometric and multichannel/multiplex modes are listed in Table III .
Changing the MMS between modes is totally under computer control and is very rapid, except for changing the transfer aperture. Changing A1 is done manually in the present instrument, taking only a few seconds. The rest of the reconfiguration process takes less than a second.
The MMS Instrument Control and Data Acquisition System. A schematic of the MMS instrument control and data acquisition system is shown in Fig. 3 . This system provides the control and synchronization of the interferometer, the PDA, and the A/D subsystems for all modes of operation. The Interferometer Controller Board is a 7199 Nicolet controller board, lab-modified for use in the MMS. This board provides the interferometer with direct closed-loop control of the mirror movement. It also provides white-light and laser references signals to the Spectrometer Controller Board. The Parallel Board transfers gross mirror control information, such as scan limits and scan velocity, from the DEC LSI-11 computer to the Interferometer Controller Board.
The Array Drive Board is an RC-1024S evaluation board from Reticon Corp. It has been lab-modified to permit external control and clocking of the PDA.
The Array Interface Board provides interfacing between the digital and analog electronics of the Array Drive Board and the rest of the MMS. For digital signals, the Array Interface Board provides optical isolation for the control signals from the Spectrometer Controller Board to the Array Drive Board. For the PDA analog output signal, the Array Interface Board provides the signal amplification and the fast sample-and-hold function required between the Array Drive Board and the A/D Board. To accommodate the 2-MHz pixel output rate of the PDA in the interferometric and multichannel/ multiplex modes, the laboratory-built gain amplifiers and sample-and-hold amplifier have 50 ns rise times, and the sample-and-hold amplifier has an acquisition time of < 100 ns. The Spectrometer Controller Board is the electronic heart of the MMS. It initiates, controls, and synchronizes the interferometer mirror scans, the PDA readouts, and the A/D conversions. Prior to data collection, the Spectrometer Controller Board receives spectrometric parameters from the CPU and stores them on board. The parameters include operating mode, array integration time, system clock frequency, mirror scan delay, mirror scan length, and data acquisition interval. After the CPU initiates data collection, the Spectrometer Controller Board is in total control of the MMS. The Spectrometer Controller Board is laboratory designed and fabricated, and is built on a DEC DRVll-P prototyping module.
The A/D converter, Model 1030 from ADAC Corp., has 12-bit resolution and a conversion time of 20 tzs. It has a maximum conversion rate of 50 kHz, but is limited to less than 25 kHz by the bandwidth of the LSI-11 bus. The oscilloscope is used to provide a real-time monitor of the PDA signal going into the A/D converter, and for spectrometer tuning purposes.
The CPU, a DEC LSI-11, controls the MMS by means of the Parallel Board and the Spectrometer Controller Board. Software for instrument control and data acquisition is down-line loaded from a host LSI-11 computer. Experimental data, the spectrometric parameters and acquired data, are up-line transferred to the host computer for storage, transforming, and plotting. Table IV lists the specifications for the computer systems.
THEORY: INTERPRETATION OF MMS SPECTRA
Aliasing Factor. Controlled aliasing is often used when data are acquired in the interferometric and multichannel/multiplex modes. When this is done, it is necessary to express the degree of aliasing and the spectral bandwidth for which the data are acquired. 22,33 For this purpose, an aliasing factor, [3:4] for example, accompanies each interferometric spectrum. The "4" specifies the degree of aliasing, indicating that only every fourth data point was acquired in the interferogram. It also indicates that the spectral range is reduced by a factor of 4, from the MMS maximum of 31,605.6 cm -1 to 7901.4 cm -~. With an alias of 4 and no optical filter, the following samplelimited spectral ranges would be superimposed upon one The spectral ranges are listed with their respective alias factors. "Forward" indicates that the wavenumber numbers in the transformed spectrum increase from left to right. "Reverse" indicates an increase from right to left.
The "3" in the alias factor indicates the specific sample-limited spectral range of the data. As an example, most of the interferometric mode data in this paper were acquired with pixel 159 as the detector. Pixel 159 monitors a spectral band at 590 nm, or 16,950 cm -1, which is within spectral range "3," from 15,802.8 to 23,704.2 cm -1.
Resolving Power, Resolution, and Spectral Bandwidth.
Resolution is difficult to compare between dispersive and interferometric instruments. It is fairly constant in wavelength for dispersive instruments, whereas it is fairly constant in wavenumber for interferometric instruments. Resolving power, however, can be computed for both types of spectrometers, and it is the most useful parameter for comparing different types of spectrometers. Resolving power cannot be considered a constant for wide spectral ranges and must usually be calculated at each line position.
The resolving power, R, of a spectrometer is given as a R .... 
ff Two relationships useful for converting resolutions or spectral bandwidths are as follows: 5a ~X = --
if2 5h ~ia = --. 
EXPERIMENTAL
MIP. The MIP served as a convenient atomic emission source. Like the inductively coupled plasma (ICP) and the direct-current plasma (DCP), the MIP is composed of a plasma torch, plasma power supply, nebulizer, sample pump, and gas flow system. The MIP is therefore potentially subject to many of the same source noises found in the ICP and DCP. Figure 4 shows a sectional view of the MIP cavity, torch, and nebulizer used in these experiments. The MIP setup is a simplified version of the one described by Long and Perkins23 The cavity is a high-efficiency capacitively-coupled TM010 design, after Matus et al. e4 It is a Beenakker cavity, e5 utilizing a translatable disk electrode and quartz-rod tuning. The microwave generator was connected directly to the cavity, with no microwave circulator or external load. The following components were chosen because of their low noise characteristics. The torch is a tangential flow design, after Lysakowski. se This torch produces a toroidal, self-centering plasma of high stability. The nebulizer is a flitted disk type, after Layman and Lichte. e7 It minimizes nebulizer noise 49 by producing a small mean droplet size with a narrow droplet size distribution. Table V lists the MIP apparatus specifications.
The MIP setup permitted direct introduction of aqueous samples. The plasma was sustained by the Ar flow through the nebulizer. The plasma extended approximately 1 cm beyond the cavity. Observation was sideon, with the plasma horizontal. In this configuration, the base of the plasma and the face of the cavity were parallel to the long dimension of the transfer aperture, A1. The observation height was 0.5 to 1 mm beyond the cavity face. See Table VI for the MIP operating conditions. Tungsten Source. A white, broad-band spectral source was needed to characterize the spectral filtering capability provided by the PDA and grating in the interferometric and multichannel/multiplex modes of operation. The tungsten spectral irradiance source listed in Table  V was used.
Solutions. The NaC1 and the KC1 salts used were reagent grade. Stock 1000 gg/mL solutions were prepared with distilled/deionized water. Other solutions were prepared by dilution with distilled/deionized water.
RESULTS
Several atomic emission spectra for the dispersive, interferometric, and multichannel/multiplex modes are shown, demonstrating the feasibility of the MMS to obtain AES data. In addition, several interferometric spectra of the white-light tungsten source are included to characterize the spectral filtering and the filter response function of the MMS. Dispersive AES spectra were taken of a sample with 500 ~g/mL of Na and 500 gg/mL of K. emissions due to Ar and water. Resolution is 1.2 nm, and the average resolving power is 540.
Due to clogging problems with the nebulizer flit, a more dilute sample (100 pg/mL) was used for the AES spectra for the interferometric and multichannel/multiplex modes. Dispersive-Mode AES Spectra. Dispersive-mode spectra of the MIP are shown in Figs. 5, 6, and 7. Figure 5 is a blank spectrum, showing plasma background due to Ar and water-derived emissions. Possible line assignments for this spectrum are listed in Table VII. Figure  6 shows the spectrum for the Na and K sample. Figure  7 shows the difference spectrum. The MMS operating parameters for these spectra are listed in Table VIII. These spectra demonstrate the feasibility of the dispersive mode. Analyte and background data are obtained rapidly and simultaneously and over a wide spectral range. As shown by Fig. 7 , difference spectra can be particularly illuminating. The positive and negative peaks may indicate respective increases or decreases in sample components. In this case, the positive peaks do indicate an increase in the Na and K, but the negative peaks indicate a loading of the plasma caused by the fairly concentrated sample. Dispersive-mode blank-corrected spectrum of the MIP. The positive peaks are due to K and Na in the sample. The negative peaks are due to loading of the plasma by the sample.
Interferometric-Mode White-Light Data. Because the spectral filtering by the polychromator/PDA section is central to the concept of the MMS, characterization of the MMS filter functions was very important. Three aspects were important: the width of an individual filter function, the shape of a filter function, and the relationship between adjacent filter functions. The characterization was done with the use of the white-light tungsten source.
Typical band-limited interferometric data of the tung- Table IX . Table IX also lists the basic parameters applied to interferometric-mode data. Other data sets note differences from this basic set of operating parameters. Figure 8 shows the interferogram of the tungsten source at 590 nm, acquired by monitoring diode 159. The form of the interferogram is generally as expected, a sinc function envelope with a carrier frequency of 16,950 cm -~ (590 nm). The asymmetry of the interferogram is due to an optical error in the beamsplitter. The error could not be removed by adjusting the mirror alignment.
Fourier transforming this interferogram produces the amplitude spectrum shown in Fig. 9 . This figure shows the very narrow spectral bandpass filter provided by a PDA pixel and the polychromator. The width of the function, 6 nm at FWHM, is determined primarily by the product of the reciprocal linear dispersion of the polychromator grating, G, (24 nm/mm) and the width of the transfer aperture, A1, (0.250 mm). The shape of function is determined by the convolution of the rectangular transmission function of the aperture A1 with the trapezoidal spatial response function of a single pixel. 7,~7 The slight slope of the top in Fig. 9 is caused by the tungsten Wavenumber (cm-1)
Amplitude Spectrum
FIo. 12. Interferometric-mode AES spectrum. This figure shows the Na doublet at 590 nm, and displays the same 400-cm -1 bandwidth as the spectral filter in Fig. 9 . This spectrum is obtained from the interferogram in Fig. 11. Figure 12 illustrates how the spectral filter (Fig.  9) can select only the Na doublet from a dispersive spectrum ( the spectrum. The baseline noise throughout the sampling-limited spectral range again appears to be white. There is, however, the unexpected presence of features at c, d, and e. Because of the optical filtering by the PDA and polychromator, these features can be rejected as optical emissions from the sample or the plasma gas.
Reinterpreting the horizontal axis of Fig. 13 in Hertz, the data represent frequencies from 0 to 400 Hz with a resolution of 0.102 Hz. With this perspective, features c and e are found to be 120-Hz and 240-Hz modulations.
Other studies s7 have shown that these modulations are multiplicative interferences due to ripple in the microwave power supply. Features at d are satellite side-bands of the Na lines resulting from c side-banding around the Na lines. 48 In comparison, a tungsten spectrum is free of these features, demonstrating two things. First, the tungsten source is free of power supply ripple. Second, the MMS and its detection system are not subject to induced power line noise. Figure 14 shows the log of the intensity values from Fig. 13 . This data format is useful when spectral regions displaying widely different magnitudes are to be examined. The distribution of the baseline noise is confirmed to be relatively white throughout the spectrum. Com- line, potentially improving S/N. Additionally, a practical instrumentation problem, the plasma power supply ripple, has been identified and can be corrected.
Higher-Resolution Interferometric AES Spectra. The data in Fig. 15 were obtained to demonstrate resolution flexibility and controlled aliasing. This figure shows the Na doublet obtained at a resolution of 0.4823 cm -I, the highest currently attainable in the MMS, and with an alias factor of [9:16] . Figure 15 shows the same 400-cm -1 region as shown in the filter function plot in Fig. 9 and the lower-resolution interferometric Na emission plot in Fig. 12 . The resolving power in Fig. 15 is 35 ,200 as opposed to 490 for the dispersive-mode spectrum in Fig. 6 , and 8800 for Fig. 12 .
The data extraction and compression capabilities of the MMS are demonstrated by Fig. 15 in conjunction with the dispersive spectrum in Fig. 6 . The MMS required a 512-point dispersive spectrum followed by an 8192-point interferometric spectrum to obtain 0.5 cm -1 resolution. A total of 8704 data points were acquired. In contrast, a normal interferometer without optical filtering may require 131,072 points (128 k) to obtain the resolution shown in Fig. 15 . The data compression resulting from the use of the MMS is approximately 15:1.
Multichannel/Multiplex-Mode AES Data. The feasibility of the multichannel/multiplex mode is demonstrated by Figs. 16A and B and Figs. 17A and B. Simultaneous emission data for Na and K were acquired with the use of pixels 159 and 459, respectively. Figures 16A and 17A show the sample-limited bandwidth spectra for Na and K. Figures 16B and 17B show the 400 cm -1 immediately around the lines.
In Figs Examination of the operating parameter tables shows a large difference between the total exposure times and the total elapsed times in the interferometric and multichannel/multiplex modes. For example, the total exposure time in Table IX is 256 s, while the total elapsed time is 50 min. Total exposure time is given by tEx = tAp'Nint'Nsc (7) where rex is the total exposure time, tap is the aperture time for one array read (0.3125 ms), Nint is the number of points in one interferogram, and Nsc is the number of coadded scans. Total exposure time is analogous to the integration time for systems with integrating detectors. In contrast, the total elapsed time is the complete time for data acquisition. The difference between these times is due to the overhead in the mirror movement cycle. The mirror drive and tracking system in this interferometer is relatively simple. Consequently, much time is spent moving the mirror between the end-of-scan reference position and the data collection region around the zero path difference. For example, Table IX indicates that > 99 % of the time was consumed with mirror movement overhead and < 1% was available for data collection. The use of a more sophisticated mirror tracking and drive system could drastically reduce the total elapsed time. 4~,5°
DISCUSSION
The total S/N gain of a spectrometer design, GT, is the product of the multiplex advantage (or disadvantage) and the throughput advantageY 1 This is expressed by the equation
where G M is the multiplex advantage (or disadvantage), and G, is the throughput advantageJ 1 G M and Ge are both dependent upon the type of limiting noise, however. The relevant types of noise for both G M and G, are detector, photon, and source noise. A primary goal of the MMS is to optimize Gr, the total S/N gain, by trading some throughput for a reduction in noise. The purpose of the flexible filtering and the multichannel/multiplex mode is to reduce photon and source noises. The purpose of the optical design is to maximize throughput and signal. The throughput of the MMS cannot be as large as that of an interferometer, however, due to the need for slits for flexible filtering. The functions of slits in the MMS are provided by the transfer aperture and the pixel. The S/N can be maximized by finding the correct compromise between throughput and noise reduction.
The effect of limiting noise on the multiplex advantage was discussed above. This section discusses the following: the effects of limiting-noise types on the throughput advantage, the limiting noises in AES, the MMS's throughput, and the total S/N gain of the MMS.
The Throughput Advantage and Limiting Noises in
AES. The throughput advantage is the ability of one spectrometer to increase S/N via an increase in throughput and signal relative to another spectrometer. The type of limiting noise is very important. Photon and source noise are dependent upon source intensity. Consequently, an increase in throughput does not always lead to a corresponding increase in S/N. If detector noise is limiting, the noise is independent of the signal and is constant. In this case, the S/N is directly proportional to the throughput, and the throughput advantage is directly proportional to any throughput increase. This situation is typical of the mid-IR and FT-IR.
If photon noise is limiting, the noise is proportional to the square root of the total detected photons. Therefore, the S/N is proportional to the square root of the throughput, and the throughput advantage is proportional to the square root of any throughput increase. The ideal spectrometer, with perfect detector and source, is photonnoise limited. Photon-noise-limited conditions are often met in the UV and visible because of good detector technology.
If source noise is limiting, the noise is proportional to the signal, and the S/N is constant. Significantly, there is no throughput advantage because increasing throughput causes signal and noise to increase at the same rate. This again underscores the severity of source noise and the value of internal standards. In AES, the limiting noise should range between photon and source noise. AES is often photon-noise limited if sample concentrations are near the detection limit. 72 AES is often source-noise limited if sample concentrations are well above the detection limit (> 100 times)Y 2 Nebulizer and plasma fluctuations are often the origin of the source noise. Under photon-or source-noise-limited conditions, the potential for an FTS throughput advantage is reduced or eliminated. 16,5° The MMS, however, is specifically designed to minimize noise under these conditions and to retain other FTS advantages.
Throughput and Throughput Advantage of the MMS.
Table XI compares the throughputs and throughput advantages for three spectrometers: a 1-m Czerny-Turner monochromator, the MMS, and a conventional interferometer. The comparisons are made for equal resolving powers and at two wavelengths, 590 and 300 nm. Wavelengths at 590 and 300 nm were chosen because emissions at 590 nm have been shown in this paper and those at 300 nm are more typical of analytical atomic emissions.
The throughput of an optical system is defined as 73 E = A.f~ (9) where E is the throughput in (~tm2-steradians), A is the area of the limiting field stop in ~tm 2, and ~ is the solid angle subtended by the limiting optic in steradians. With the use of the small angle approximation, 74 the equation becomes
where A1 is the area of the limiting optic, or aperture stop; A2 is the area of the limiting field stop; and I is the distance between A1 and A2. A1 in a monochromator is usually the illuminated area of the grating; in an interferometer A1 is usually the illuminated area of the beamsplitter. A2 in a monochromator is usually the area of the entrance or exit slit, whichever is smaller; in an interferometer at high resolution A2 is usually the area of the source or detector (again, whichever is smaller). Expressing throughput in terms of the f-number of the optics and the area of the field aperture, the equation becomes
Table XI(A) summarizes the relevant optical parameters of the spectrometers for the throughput calculations. The parameters for A2 were obtained by first assuming a resolution of 0.4823 cm -z, the highest attained by the MMS. The dimensions for A2 were then obtained by applying the appropriate resolution criteria for the respective spectrometers, 39,s9,Ts and then back-calculating to obtain the correct output aperture geometries. For the MMS the slit height is the height of the transfer aperture, A1, that is required to intercept the entire first interference ring from the interferometer at maximum optical path difference. The MMS slit width is the width of a single PDA pixel. It should be noted that the throughput of the MMS could be doubled if just two adjacent pixels could be "binned."
Table XI(B) lists the throughputs for the spectrometers calculated from the parameters in Part A. Table XI(C) lists throughput ratios at the two wavelengths. As shown by these tables, the MMS has an optical throughput that is intermediate between that of the monochromator and the interferometer.
The throughput advantages vs. different limiting noises are summarized in Table XI(D). A "1" indicates no throughput advantage. Two trends are shown in this table. First, the throughput advantage of the interferom-eter and the MMS over the monochromator increases as wavelength decreases. Consequently, any throughput advantage becomes increasingly more significant toward the short wavelength limit of AES. Second, as the limiting noise progresses from detector to photon to source noise, the throughput advantage gradually disappears. Increases in throughput become less important as the limiting noise approaches source noise.
Total S/N Gain of the MMS. As stated above, the limiting noise for AES should range between photon and source noise. It is therefore useful to examine the throughput advantage and the total S/N gain of the MMS under these two conditions. This approach does assume that detector noise in the MMS can be reduced to insignificant levels by way of the detector system improvements discussed above.
If source noise is limiting, there is no throughput advantage of any spectrometer. The total S/N gain or loss for the MMS is then entirely dependent upon the multiplex term. For FTS and the MMS, a multiplex advantage or disadvantage is difficult to predict, however, since the precise effects of redistributed source noises depend upon the noise distributions. Several generalizations can be made concerning source noise. First, every effort should be made to minimize source noise in the emission source. Second, emission lines should be spectrally band-limited to reduce the effects on other, particularly weaker, emission lines. Third, internal standards should be implemented to compensate for residual effects of the source noise. The MMS addresses the last two points through the multichannel/multiplex mode.
If photon noise is limiting, the total S/N gain or loss is a balance between the throughput gain and the multiplex gain. Throughput gain is addressed first. Comparing the MMS to the monochromator at 590 nm, the MMS has a 5.8 x greater throughput, and should have a throughput advantage of ~.8, or 2.4. Comparing the MMS to the interferometer at 590 nm, the interferometer has a 40 x greater throughput than the MMS, and should have a throughput advantage of 6.3.
The multiplex gain is best done by example. The central column of Table XI(D) provides a useful example of the impact of the MMS's flexible filtering on the multiplex disadvantage. If the MMS can exclude 40 lines with intensities equal to the analyte line, redistributed photon noise is reduced and the S/N at the analyte line is improved by a factor of "~/46, or 6.3. At this point, the MMS's noise reduction exactly compensates for the interferometer's increased throughput, and the MMS and the interferometer have equal S/N gains. The same result is obtained if the MMS excludes only one line with 40 times the intensity of the analyte line. The exclusion of more lines, more intense lines, or the background continuum continues to improve the total S/N gain in favor of the MMS vs. the interferometer. This gain is due to the MMS spectral filtering and exists in spite of its reduced throughput.
Compared to the Czerny-Turner monochromator, the MMS has a consistent throughput advantage. The MMS's multiplex advantage depends upon the structure of the spectrum, the ability of the MMS filtering function to isolate the line of interest, and the ability to reject superfluous features. Also, much of the MMS's S/N advantage here relies on the ability of the Fourier transform process to redistribute noise from inside the optical filter bandpass and into the filter cutoff regions.
MMS Dispersive-Mode Throughput. In the MMS dispersive mode, the interferometer reduces throughput by approximately 50 %, as opposed to a normal PDA-based multichannel spectrometer. In the present MMS implementation, 50% of the source intensity is returned to the source by the interferometer during dispersive-mode operation. The use of an interferometer with servo control 5° and the ability to hold the mirror at zero path difference would alleviate this problem. With this type of interferometer, the moving mirror could be parked at the zero path difference (ZPD), causing all of the source intensity to be transferred to the detector, and the spatial and temporal integration by the PDA would not be required.
CONCLUSION
The MMS is a prototype spectrometer, built to test the feasibility of the concepts behind the instrument. In this paper, the feasibility of the MMS and its ability to operate in the dispersive, interferometric, and multichannel/multiplex modes have been demonstrated. In these modes, the MMS can simultaneously obtain signal and background data. In the interferometric mode, the feasibility of flexible optical filtering has been shown. Capabilities in noise rejection and noise analysis have been illustrated. The ability of the MMS to obtain data under controlled aliasing, and to use this capability for data compression, has also been shown. For the multichannel/multiplex mode, the applicability of internal standards to source noise reduction has been discussed. Finally, the potential of flexible optical filtering to improve the S/N in the spectrum, in spite of a reduced throughput, has been discussed.
Since the introduction of the MMS, 76 other approaches to mixed-technology spectrometers have been applied to atomic spectroscopy 77 and to molecular spectroscopy. 7s,v9 Due to the capabilities demonstrated by these spectrometers, it appears that hybrid instruments will be increasingly important in future developments in optical spectrometry. This is particularly true for very demanding areas such atomic emission spectrometry.
